INTRODUCTION {#SEC1}
============

In bacteria, during the initiation phase of protein synthesis three initiation factors (IFs: IF1, IF2 and IF3), the messenger RNA (mRNA), and initiator tRNA (fMet--tRNA) assemble in a 30S pre-initiation complex (pre*IC*) in which proper codon--anticodon base pairing has not yet taken place ([@B1]--[@B3]). The actual mRNA start codon recognition progresses through several checkpoints the first of which entails a first order conformational change of the 30S pre*IC* that allows codon--anticodon base pairing in the P-site that produces a 'locked' 30S initiation complex (30S*IC*) provided that both composition and structure of the 30S pre*IC* are canonical ([@B2]). The resulting 30S*IC* is structurally competent for joining the large ribosomal subunit (50S) to form the 70S ribosomal initiation complex (70S*IC*), a process in which IF1 and IF3 dissociate from the ribosome whereas IF2 remains ribosome-bound until it has delivered the acceptor end of fMet-tRNA in a position amenable for the formation of the first peptide bond ([@B4],[@B5]). The transition from the 'unlocked' 30S pre*IC* to the 'locked' 30S*IC* is antagonized by IF3 and IF1 if the former complex contains a non-canonical element (e.g. an initiation triplet other than AUG, GUG or UUG). In this case, IF3 remains more tightly bound to the 30S subunit and association with the 50S subunit is impaired ([@B2],[@B6]).

Recent data have shown that GE81112, a specific inhibitor of the initiation phase of protein synthesis ([@B7]), binds near the anticodon stem loop of fMet--tRNA and while allowing the formation of the 30S pre*IC* it blocks the locking step that marks the transition to 30S*IC;* therefore, GE81112 represents a powerful tool to trap the 30S subunit stalled in a pre*IC* state characterized by only partial P-site codon--anticodon base-pairing and tighter IF3 binding ([@B8]). These properties of GE81112 were exploited in this study to produce a 30S pre*IC* in which IF1, IF2, IF3 and the fMet--tRNA can be visualized on the 30S subunit as to reveal for the first time the structural details of this early translation initiation intermediate. In fact, whereas bacterial complexes representative of the late steps of the initiation process, namely the 30S*IC* and 70S*IC* have been studied by cryo-EM ([@B9]--[@B15]), no structural information is so far available for the 30S pre*IC*.

MATERIALS AND METHODS {#SEC2}
=====================

Assembly of the 30S *IC* {#SEC2-1}
------------------------

*Escherichia coli* ribosomes, ribosomal subunits and translational factors were prepared as previously described ([@B16],[@B17]). Using purified components ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), the 30S*IC* was assembled by incubating the 30S ribosomal subunits with GE81112 for 10 min at 37°C in Buffer IC (10 mM Tris--HCl (pH 7.7), 7 mM MgCl~2~, and 60 mM NH~4~CH~3~CO~2~) prior to addition of the mRNA construct containing a model Shine-Dalgarno sequence (AAG UU**A** AC**A GGU** AUA CAU ACU AUG UUU ACG AUU ACU ACG AUC Sigma Genosys), fMet--tRNA, GTP and IF1, IF2, IF3, and continuing the incubation at 37°C for an additional 10 min. Throughout this incubation buffer conditions are kept constant and the final factor concentrations are 1 μM 30S, 20 μM GE81112, 4 μM mRNA, 2.8 μM fMet--tRNA, 50 μM GTP, 3.2 μM IF1, 1.6 μM IF2 and 3.2 μM IF3.

Electron microscopy {#SEC2-2}
-------------------

The 30S*IC* sample was vitrified using a Vitrobot (FEI) by diluting the reconstituted 30S *IC* in Buffer IC containing 20 μM GE81112, 4 μM mRNA, 2.8 μM fMet--tRNA and 50 μM GTP onto Quantifiol R2/2 grids. The samples were then imaged under low dose conditions at 74 183× magnification using a JEOL JEM 2200FS + Ultrascan 4K CCD camera (CIC bioGUNE; Bilbao) yielding a pixel size of 2.02 Å/pixel.

Single particle analysis and structure determination {#SEC2-3}
----------------------------------------------------

Contrast transfer function parameters were estimated using CTFFIND4 ([@B18]). Semi-automated particle selection was performed in RELION 1.4 yielding a total of 174 412 particles from which poorly aligning particles were removed using the 2D reference-free classification and 3D classification procedures also in the RELION software package ([@B19],[@B20]). The remaining 74 848 particles were used to initiate a 3D refinement using a low-pass filtered (40 Å) empty 30S subunit as the starting model. The ensuing volume was subjected to 3D classification using local searches of 5° and the resulting three classes were then refined and post-processed within RELION 1.4 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) ([@B19]). The 30S *IC*-1 and 30S *IC*-2 volumes were interpreted using a combination of manual rigid body docking and automated multibody docking with the UCSF Chimera and SITUS software packages ([@B21],[@B22]). Specifically, for IF1 the cryo-EM density did not have enough features for automated docking with SITUS to yield a consistent position so that for this factor we used the model observed in the 30S-IF1 crystal structure ([@B23]). The position of IF3 relative to the 30S subunit was kept constant in both models. Segmentation of the 30S *IC*-1 and 30S *IC*-2 volumes used the Segger plug-in for UCSF Chimera ([@B24]). The following structures deposited in the PDB were used as rigid body models: 4YBB, *E. coli* 30S head and body; 3JCN, *E. coli* IF2 and fMet--tRNA; 1HR0, *T. thermophilus* IF1; 2IFE, *E. coli* IF3CTD; 1TIF, *Geobacillus stearothermophilus* IF3NTD. When ligands were fitted as multiple independent bodies (i.e. domains G2-C1 and C2 of IF2, residues 1--72 and 73--76 of the tRNA) the conformation of the linking residues were minimized. All figures were prepared with UCSF Chimera ([@B21]). The 30S *IC*-1 and 30S *IC*-2 volumes and fitted models are deposited in the EMDB (EMD-3494 and EMD-3495) and PDB (5ME0 and 5ME1).

RESULTS {#SEC3}
=======

Overview of the structures {#SEC3-1}
--------------------------

The stalled *E. coli* 30S pre*IC* was assembled *in vitro* by incubating, in the presence of GE81112, purified 30S subunits, IFs, fMet--tRNA, GTP and an mRNA construct containing a model Shine-Dalgarno sequence ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}; Materials and Methods) ([@B6]). The binding conditions (i.e. buffers and relative concentration of 30S ligands) were adapted from those established to follow the kinetics of initiation complex formation using variations of the FRET signal as a measurable ([@B8]). The resulting sample showed good dispersion with no aggregation as seen in the representative micrograph ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). An initial reconstruction of this complex showed strong densities accounting for all added ligands; namely IF1, IF2, IF3 and fMet--tRNA ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Because it was evident in the cryo-EM density map that the individual IFs and the tRNA displayed variable occupancies and/or conformations, a 3D classification/refinement protocol was employed ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Through this approach two distinct classes of complex were distinguished ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) with an overall resolution of 13.5 Å, each characterized by well-defined density for fMet--tRNA and IF1 as well as individual domains of IF2 and IF3 (Figure [1](#F1){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). These classes, referred to as 30S *IC*-1 (31% of total data) and 30S *IC*-2 (36% of total data; [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) both reveal a binding site of IF3 not previously seen on the 30S subunit and show two distinct fMet--tRNA positions.

![Overview of the two distinct 30S pre*IC* states observed in the presence of GE81112 by cryo-EM. The (**A--C**) 30S *IC*-1 and (**D--F**) 30S *IC*-2 maps are shown as viewed from the 50S ribosomal subunit interface. (A and D) The volumes are rendered as a solid surface with the 30S landmarks, head, body and platform (pt) indicated. (B and E) The volumes have been segmented using Segger ([@B24]) and the segmented densities are uniquely colored and labeled to reflect their correspondence with the 30S ligands: fMet--tRNA, IF1, IF2, IF3CTD and IF3NTD. (C and F) The volumes are rendered as a transparent surface and the models corresponding to the 30S ligands (fMet--tRNA, IF1, IF2, IF3CTD and IF3NTD) are shown as ribbons (see Materials and Methods). In panels B--C and E--F the star indicates density that we attribute to the G1 domain of IF2 while the dark purple density located on the back of the subunit near the mRNA entrance channel is attributed to the N1/N2 domain of IF2.](gkw1251fig1){#F1}

Position of fMet--tRNA in *IC*-1 and *IC*-2 {#SEC3-2}
-------------------------------------------

The most notable difference between the *IC*-1 and *IC*-2 maps is the position of the fMet--tRNA. In the 30S *IC*-2 volume (green transparent surface, Figure [2A](#F2){ref-type="fig"}), the fMet--tRNA is positioned within the 30S P-site in an orientation similar to that of the P/pe-tRNA seen in the 70S initiation complex I (70S*IC* I; Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}) ([@B9]), whereas in the 30S *IC*-1 (blue solid surface, Figure [2A](#F2){ref-type="fig"}) the elbow region of initiator tRNA is tilted toward the E-site with an ∼20 Å displacement of the tRNA elbow (compare blue and green ribbon in Figure [2B](#F2){ref-type="fig"}). Furthermore, in the 30S *IC*-1, the anticodon stem--loop is not fully accommodated into the 30S P-site (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), being shifted out by ∼11 Å compared to the anticodon loop of the fMet--tRNA in the 30S *IC*-2, or in the 70S*IC* I and II structures ([@B9]) (Figure [2C](#F2){ref-type="fig"}). Strikingly, similar tRNA binding positions, with respect to the anticodon loop displacement, have been observed in eukaryotic initiation complexes where the two sites, termed P*~IN~* and P*~OUT~*, differ by about 7 Å with respect to the extent to which they enter into the P-site ([@B25],[@B26]). Following the same nomenclature, we term the tRNA position observed in *IC*-2 and *IC*-1 P*~IN~* and P*~OUT~*, respectively. In eukaryotes, the shift between the P~*IN*~ and P~*OUT*~ state is hypothesized to represent the conformational change that occurs during 40S scanning to facilitate start site selection ([@B25],[@B27]--[@B30]). This step is functionally similar to the process of initiation triplet recognition occurring during the 30S pre*IC* to 30S*IC* transition ([@B1]--[@B3]), although the actual pathway of initiation and many of the factors involved differ greatly between eubacteria and eukaryotes. The cryo-EM density maps also indicate that fMet--tRNA accommodation into the P*~IN~* site is accompanied by a closure of the 30S head around the fMet--tRNA (Figure [2A](#F2){ref-type="fig"}; red arrow) so that G1338 and A1339 of 16S rRNA could form the characteristic A-minor interactions with the G-C base pairs of initiator tRNA anticodon stem only with the P*~IN~* tRNA (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}). This interaction was shown to increase the stability of the complexes containing P-site bound fMet--tRNA ([@B31],[@B32]). In yeast equivalent interactions are made between conserved G-C pairs in the anticodon stem--loop of yeast initiator tRNA and 18S rRNA residues (G1575 and A1576) and presumably stabilize the P*~IN~* state ([@B25],[@B33],[@B34]). This observation furthers the structural parallels seen in the initiation complexes when eubacteria and eukaryotes are compared.

![The binding sites of the fMet--tRNA in 30S *IC*-1 and 30S *IC*-2 structures. (**A**) The 30S *IC*-1 (blue solid surface) and 30S *IC*-2 (green transparent surface) have been aligned on the 30S body to highlight the movement of the fMet--tRNA (black arrow) and 30S head (red arrow). The fMet--tRNA positions in the 30S *IC*-2 and 30S *IC*-1 volumes are designated P~*IN*~ (green ribbon) and P~*OUT*~ (blue ribbon), respectively. (**B** and **C**) Orthogonal views of the tRNAs that have been aligned relative to the 30S body and represent the P*~IN~*-tRNA (30S *IC*-2, this study), P*~OUT~*-tRNA (30S *IC*-1, this study), P/ei-tRNA (70S*IC*-I, PDBID 3JCN), P/pi-tRNA (70S*IC*-II, PDBID 3JCJ) and P/P-tRNA (PDBID 4V9D). The mRNA as seen in the 70S*IC*-I structure is indicated as an orange ribbon. The displacement of the elbow (**B**) and anticodon loop (**C**) as the fMet--tRNA shifts from the P*~OUT~* to the P*~IN~* site is indicated with an arrow. The P*~OUT~*-tRNA (**D**) and P*~IN~*-tRNA (**E**) are shown inside the 30S *IC*-1 and 30S *IC*-2 volumes along with the surrounding elements of the 30S subunit and IF3CTD (yellow ribbon). 16S rRNA (G1338-A1339) and fMet--tRNA (positions 29--31 and 39--41) residues that have been established to form stabilizing interactions are drawn in an all atom representation to illustrate that the two are in proximity only in the 30S *IC*-2 model.](gkw1251fig2){#F2}

Conformation of the initiation factors in *IC*-1 and *IC*-2 {#SEC3-3}
-----------------------------------------------------------

In the *IC*-1 and *IC*-2 maps IF1 is positioned on the top of helix 44 adjacent to helix 18 in agreement with previous structural investigations of the 30S initiation complexes ([@B11],[@B14],[@B15],[@B23]). IF2 is positioned on the interface of the 30S subunit (Figure [1](#F1){ref-type="fig"}) with the C2 domain contacting the formylmethionyl moiety attached to the CCA end of the fMet--tRNA (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). As seen in [Supplementary Figure S4](#sup1){ref-type="supplementary-material"} the position of IF2 on the 30S subunit and the arrangement of its individual G2, G3, C1 and C2 domains is similar to that seen in 30S and 70S initiation complexes ([@B9],[@B11]--[@B15],[@B23]). In addition to these domains, *E. coli* IF2 has a long N-terminal extension (residues 1--381) composed of three domains, N1, N2 and G1 ([@B35],[@B36]). Density suitable to accommodate the G1 domain (marked with a star in Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}) emerges from the G3 domain and extends up toward helix 16 (bases 414--417 and 428--430) and the C-terminal tail of S12. The G1 domain (N-domain in *T. thermophilus*) is dynamic as in two 70S initiation complexes ([@B12],[@B13]) the G1 domain was seen interacting similarly with helix 16 while in a *T. thermophilus* 30S initiation complex ([@B14]) the G1 domain was seen extending away from the 30S subunit. In both 30S *IC*-1 and *IC*-2 maps, a second larger density (purple density in Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}) is located at the entrance to the mRNA channel suitable to account for parts of the N1 and N2 domains which were shown by NMR to consist of a small ordered fold and a larger unstructured region ([@B37]).

![fMet--tRNA in 30S *IC*-1 and 30S *IC*-2 structures is bounded by IF3NTD and IF3CTD. The IF3NTD (**A** and **B**) and IF3CTD (**C** and **D**)were placed by rigid body docking in to 30S *IC*-1 (blue transparent surface) and 30S *IC*-2 (green transparent surface). In panels A--B, 16S rRNA helices 23 (h23, residues 684--705) and 24 (h24, residues 783--800) that form an interface with IF3NTD are colored pale yellow and pale green, respectively. In panels **C--D**, 16S rRNA helices 24 (h24, residues 783--800), 44 (h44, residues 1401--1408 and 1494--1501) and 45 (h45, residues 1506--1529) that form an interface with IF3CTD are colored pale green, red-orange, and purple, respectively. The orientation of the model in each panel is indicated by the inset. (**E** and **F**) The *IC*-1, *IC*-2 and 30S*IC* ([@B11]) models have been aligned on the 30S subunit body to highlight the different conformations of IF3 (E) and illustrate that IF3NTD follows the elbow region of the tRNA as it moves from the P*~OUT~* (blue), to P*~IN~* (green), to the P/I1 (cyan; ([@B11])) site (F). In panel F it is notable that the P/I1 site seen by Julián *et al*. is distinct from both the P*~IN~*, P*~OUT~* sites seen here and this difference may result from the IF3 movement seen in panel E. IF3 as seen in the *IC*-1 and *IC*-2 states is colored yellow and orange, respectively, while IF3 as observed in the 30S*IC* by Julián *et al*. is colored red. Panels E and F are from the same perspective but in E the fMet--tRNAs are not shown for clarity, while in F the IF3CTD is omitted and the tRNAs are illustrated as colored ribbons. The model corresponding to the 30S ribosomal subunit has been rendered as a gray surface. The purple arrows indicate the relative movement of the IF3CTD and IF3NTD. PDB files corresponding to the 30S*IC* (EMD-1771) were kindly provided by Mikel Valle.](gkw1251fig3){#F3}

In the 30S *IC*-1 and 30S *IC*-2 maps, the fMet--tRNA is bounded by IF3 (Figure [3](#F3){ref-type="fig"}). IF3 consists of two domains (IF3NTD and IF3CTD) joined by a flexible linker ([@B38]). Among other activities, IF3CTD promotes translational fidelity by discriminating canonical vs. non-canonical start sites while the role of the NTD seems to be restricted to modulating the affinity of the factor for the 30S subunit ([@B39]). In the 30S *IC*-1 and 30S *IC*-2 maps IF3NTD approaches the fMet--tRNA near the elbow region and the 30S platform near 16S rRNA helices 23 and 24 (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}), while IF3CTD is positioned between IF1, the anticodon stem of the fMet--tRNA, and helices 24, 44 and 45 (Figure [3C](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). This IF3 contact pattern is consistent with hydroxyl radical probing experiments ([@B40]), the protection of rRNA residues in h23 and h24 from chemical modification ([@B41]), and the observation that IF3 disrupts a crosslink between U793 (h24a) and G1517 (h45) ([@B42]). Furthermore the arrangement of IF3CTD and IF3NTD in the 30S pre*IC* (Figure [3E](#F3){ref-type="fig"}) is unique compared to the binding positions observed in previous cryo-EM investigations of initiation complexes ([@B10]--[@B12]). Specifically, when the position of IF3NTD is compared among the *IC*-1, *IC*-2 and 30S*IC* ([@B11]) models it can be seen that IF3NTD follows the fMet--tRNA rotation by maintaining an interaction with the elbow region of the tRNA but largely loses contact with the 30S platform (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}). This could represent the molecular basis for the reduction of the IF3 affinity for the ribosome upon formation of a canonical 30S*IC* in preparation for the dissociation of the factor during 70S*IC* formation. This finding is also in full agreement with the proposed mechanism of IF3 dissociation ([@B39],[@B43]). This entails the initial loss of contact between IF3NTD and the 30S subunit leaving the factor 30S-bound via its CTD with a corresponding increase by about two orders of magnitude K~diss~ of the 30S-IF3 complex ([@B39],[@B43]). Similarly, when compared to *IC*-1 and *IC*-2, IF3CTD in the 30S*IC* ([@B11]) is displaced by ∼30 Å and occupies a position lower on the 30S body (Figure [3F](#F3){ref-type="fig"}). These varied IF3 conformations are in agreement with prior chemical probing and structural studies that have shown that the two domains of IF3 can occupy several sites on the ribosome during translational initiation ([@B10]--[@B12],[@B40],[@B43]--[@B46]) and recent single molecule FRET experiments indicate that there are at least 3 major conformations of the two domains of IF3 on the ribosome ([@B5]). As seen in Figure [3C](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}, IF3CTD occupies a similar position on the 30S subunit in *IC*-1 and *IC*-2 while the fMet--tRNA rotates to accommodate into the 30S P-site.

The IF3CTD binding site in *IC*-1 and *IC*-2 {#SEC3-4}
--------------------------------------------

The positioning of IF3 in the 30S *IC*-1 and 30S *IC*-2 maps reveals that the 30S-IF3CTD interface involves α-helix 3 and the preceding loop 6 (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}) which is in agreement with mutagenesis experiments that demonstrated the importance of residues in these secondary structure elements in ribosomal interactions ([@B47]). Similarly, in the 30S *IC*-1 and 30S *IC*-2 models we observe that the two conserved loops connecting ß-strand 6 and α-helix 4 (loop 7) and ß-strands 7 and 8 (loop 9) of IF3CTD are oriented toward the anticodon loop of the fMet--tRNA and IF1 (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}) in agreement with the observation that residues of loop 7 are involved in mRNA interactions ([@B47]). The positioning of IF3CTD and the proximity of its loops toward the anticodon triplet is reminiscent of eIF1 in a yeast 48S initiation complex (Figure [4](#F4){ref-type="fig"}) where an arginine at the tip of loop 1 of eIF1, Arg36, interacts with the codon--anticodon base-pair ([@B25]). This similarity is noteworthy as although eIF1, like IF3, plays a role in maintaining translational fidelity by distinguishing against non-AUG initiation triplets, these two factors have a completely different topology ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) and do not share any sequence homology ([@B48]). Our investigation reveals that despite their difference, in agreement with their functional role, they occupy similar binding sites on the small ribosomal subunit (Figure [4](#F4){ref-type="fig"}) ([@B46],[@B48]).

![Comparison between the 30S *IC*-2 and the partial yeast 48S preinitiation complex (py48S). Models representing the 30S *IC*-2 and py48S (PDB ID: 3J81) have been aligned using residues of the 16S/18S rRNA (body) to highlight the fact that IF3CTD and eIF1 occupy overlapping sites relative to the small ribosomal subunit in their respective structures.](gkw1251fig4){#F4}

DISCUSSION {#SEC4}
==========

The translational inhibitor GE81112 was shown to target and block the transition that leads to the formation of a stable, 'locked' 30S initiation complex from a labile 'unlocked' complex ([@B8]). In the 30S-GE81112 X-ray structure, GE81112 was seen to be bound close to the anticodon stem loop and found to induce local conformational changes in both the h44/45 interface and anti-codon stem loop precluding canonical codon--anticodon interactions ([@B8]). This property of GE81112 was exploited in this study to stall the initiation process, allowing us to observe the formation of two complexes, *IC*-1 and *IC*-2, in which, unlike that seen in previous studies ([@B11],[@B14],[@B15]), the tRNA is either in a P~*IN*~ or P~*OUT*~ position and the three initiation factors are present. In particular, IF3 is positioned on the 30S in a manner not yet observed in previous cryo-EM investigations ([@B10]--[@B12]) (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}) of bacterial initiation complexes but consistent with data from hydroxyl radical probing experiments ([@B40]). The proximity of IF3CTD and the fMet--tRNA, in particular in the region of the codon--anticodon interaction, is consistent with the role of IF3CTD in maintaining translational fidelity by rejecting non-canonical complexes.

In *IC*-1, the fMet--tRNA is in a P*~OUT~* site with the anticodon displaced from the 30S P-site and therefore unlikely to canonically base-pair with the mRNA while the open conformation of the 30S head precludes formation of stabilizing interactions between G1338-A1339 and the anticodon stem (Figure [2](#F2){ref-type="fig"}); this is consistent with the labile tRNA binding seen in the 30S pre*IC* state stabilized by GE81112 ([@B8]). It is important to note, that although we are not able to resolve GE81112 or its associated local conformational changes in the anti-codon stem loop and the h44/45 interface, the significant differences seen in the arrangement of both the fMet--tRNA and IF3 with respect to the structure of the 30S*IC* presented by Julián *et al*. ([@B11]) (Figure [3F](#F3){ref-type="fig"}) indicate that GE81112 is functional in our system and the observed states are a consequence of its action. During the revision of this manuscript, initiation complexes prepared in the absence of GE81112 were reported by Hussain *et al*. ([@B49]). A comparison of the structures presented in the two studies, show that the *IC*-1 and *IC*-2 complexes reported here are similar to the PIC-II and PIC-2 series of complexes described by Hussain *et al.*, namely they carry an fMet--tRNA and the IF3CTD is positioned at the top of h44 (position 1 as defined by Hussain and coworkers). In the study of Hussain *et al.*, IF3CTD moves to a second position lower on h44 (position 2) in the later stages of the initiation pathway ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). This agrees with the results presented here that suggest the *IC*-1 and *IC*-2 states are stalled early in the initiation pathway by the action of GE81112.

Although these states, particularly at a local structural level, might be specific to the action of GE81112 and distinct from those occurring during canonical initiation, several considerations indicate that the P~*OUT*~ structure corresponds to the physiological structure of the 30S pre*IC* formed as a kinetic intermediate in the formation of the *bona fide* 30S*IC*. Indeed, the first kinetic analyses carried out to elucidate controversial mechanistic aspects of the translational pathway demonstrated that translational initiation begins with the obligatory formation of a 30S initiation complex ([@B50]). Moreover, initial rate kinetic analyses indicated that binding of mRNA and initiator tRNA to the small ribosomal subunit does not follow a defined pathway but occurs in a stochastic order ([@B1]) regardless of the presence of a Shine-Dalgarno sequence in the mRNA ([@B51]). A corollary of these analyses was that the formation of a 30S*IC* was preceded by the formation of a labile 30S pre*IC* in which the two ligands mRNA and fMet--tRNA are present on the ribosomal subunit but are not interacting (i.e. base pairing) with each other. The first order transition from a 30S pre*IC* to 30S*IC* was identified as the rate-limiting step in the formation of a *bona fide* initiation complex ([@B1]). These premises were further confirmed by more recent stopped-flow kinetic analyses ([@B3]). A 30S pre*IC* with the postulated characteristics was actually detected when a complex containing non-interacting initiator tRNA and *rpsO* mRNA on the 30S subunit was identified as an intermediate in the translational regulation of ribosomal protein S15 ([@B52]). However, because the latter complex was obtained in the absence of initiation factors, the first physical evidence for the existence of the 30S pre*IC* was obtained analyzing the complete complex stalled by GE81112 in an 'unlocked' conformation ([@B8]). The defective P-site codon--anticodon base-pairing between 30S-bound fMet--tRNA and mRNA was demonstrated by the altered accessibility to hydroxyl radical cleavage of the mRNA codon and fMet--tRNA anticodon ([@B8]). Nevertheless, no crystallographic data were obtained to support further the biochemical results because the complex analysed by X-ray crystallography did not contain a mRNA and the initiator tRNA anticodon stem loop was represented by the spur of a second 30S subunit occupying the P-site. Finally, recent data demonstrate that at a cold-shock temperature (i.e. 15°C) an 'unlocked' 30S pre*IC* having the same properties as the P~*OUT*~ complex stalled by GE81112 is prevented by IF3 from undergoing the transition to 'locked' 30S*IC* when the initiator tRNA is bound in response to a non-cold shock mRNA (Giuliodori, A.M., Spedalieri, G., Fabbretti, A. and Gualerzi, C.O., manuscript in preparation). Finally, in the recent work of Hussain *et al.*([@B49]), the anticodon loop in the PIC-2B complex is observed in an unusual position being partially displaced into the E site, which although not exactly the same as the P*~OUT~* tRNA observed here is similar in the range of movement ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}). For these reasons we regard the P~*OUT*~ complex seen in the presence of GE81112 as a genuine complex corresponding to that formed along the translation initiation pathway and consider the present evidence an important step forward in the physical characterization of the so far elusive structure of the 30S pre*IC*.

In *IC*-2, the anticodon loop of the fMet--tRNA in the P~*IN*~ position enters deeper into the 30S P-site with the anticodon stem resting on top of IF3CTD (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). This binding mode is similar to that of the eukaryotic initiator tRNA and eIF1, a functional homologue of IF3, in the yeast 48S initiation complex (Figure [4](#F4){ref-type="fig"}) where Hussain *et al*. propose that eIF1 promotes translational fidelity by destabilizing the P~*IN*~ tRNA in a manner that is only overcome by base-pairing with the AUG codon ([@B25]). Because of this common binding mode it is likely that the mechanism of inhibition of non-canonical complexes formation at the start site is similar in bacteria and eukaryotes. In this regard, part of the conformational change that drives the unlocked pre*IC* to locked 30S*IC* transition involves the movement of the fMet--tRNA from the P~*OUT*~ to P~*IN*~ site where the tRNA is destabilized and rejected by IF3 if a non-canonical codon--anticodon duplex is present in the 30S P-site. On the contrary, when a canonical codon--anticodon is present there are concurrent conformational changes that transform the 30S pre*IC* to a 30S*IC* which could include, for example, the P~*OUT*~ to P~*IN*~ fMet--tRNA movement, a change in the h44/45 interface ([@B8]), and a conformational change that weakens the 30S-IF3 interaction ([@B2],[@B8]).

The structures of the bacterial pre-initiation complexes presented here (*IC-*1 and *IC-*2) draw structural parallels between bacterial and eukaryotic initiation complexes, indicating that despite the striking differences between the initiation processes, there are shared structural features that guide start site selection during initiation of protein synthesis in all kingdoms of life although different protein factors have been developed to facilitate this process.
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